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Abstract
The kaonic 3He and 4He 3d → 2p transitions in gaseous targets were observed by the SIDDHARTA
experiment. The X-ray energies of these transitions were measured with large-area silicon-drift detectors
using the timing information of the K+K− pairs produced by the DANE e+e− collider. The strong-
interaction shifts and widths both of the kaonic 3He and 4He 2p states were determined, which are much
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306 SIDDHARTA Collaboration / Nuclear Physics A 914 (2013) 305–309smaller than the results obtained by the previous experiments. The “kaonic helium puzzle” (a discrepancy
between theory and experiment) was now resolved.
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1. Introduction
The X-ray spectroscopy of the kaonic helium isotopes (3He and 4He) plays an important role
for understanding low-energy QCD in the strangeness sector. Low-lying energy levels of kaonic
atoms are shifted and broadened due to the strong interaction between the antikaon and helium.
Thus, the measurements of the X-ray energy shifts and widths provide fundamental information
on the strong interaction at the low-energy regime.
The X-ray measurements of kaonic 4He atoms performed in the 70s and 80s [1–3] introduced
a serious problem; i.e., inconsistency between theory and experiment both in the shift and width
of the kaonic 4He 2p state.
The shift measured in the 70s and 80s was −43 ± 8 eV on average [3,4], whereas theoretical
calculations gave a shift below 1 eV based on the kaonic atom data with the atomic numbers
Z  3 [3–6]. The widths of Γ2p = 1–2 eV was theoretically estimated both for kaonic 3He [6]
and 4He [3–6]. Experimentally, however, the width of kaonic 4He was not well determined,
leaving the situation unclear. The results of Γ2p = 30 ± 30 eV [2], and 100 ± 40 eV [3], with
an average of 55 ± 34 eV were reported, along with the following comment on their results [3].
“The shift measurements are seen to be in good agreement. The situation for the width values is
much less satisfactory and the error bars of the two measured values do not overlap. The error on
the quoted average has been taken from the external variance of the measured values.”
The discrepancy of the shift and width between theory and experiment is known as the “kaonic
helium puzzle”. Possible shifts up to 10 eV and widths up to 40 eV either in kaonic 3He or
4He were calculated related to the kaonic nuclear systems [7]. Therefore, it is very important to
perform a precision measurement of the shift and width of the kaonic 4He 2p state, and for the
first time of kaonic 3He.
2. The SIDDHARTA experiment
The kaonic helium X-rays were measured in the framework of the SIDDHARTA experi-
ment [8–10]. The SIDDHARTA experiment used low-energy kaons generated by the DANE
electron–positron collider, which could be stopped efficiently in a small volume of gaseous tar-
gets.
K+K− pairs produced by φ decay were detected by two scintillators installed above and be-
low the beam pipe at the interaction point. The coincidence signals of the K+K− pairs were
used for the timing selection of the X-ray events. Above the upper scintillator, degraders were
installed to degrade the kaon energy so that the K− mesons were stopped in the target gas vol-
ume. Cryogenic helium gas at 1 bar and 20 K was used as a target. The cylindrical target cell
was made of Kapton foils. In the top of the cell, thin Ti and Cu foils were installed for the energy
calibration. Large-area silicon-drift detectors (SDDs) having an active area of 1 cm2 each and
a thickness of 450 µm were used for X-ray detection [11]. A total active area of 144 cm2 was
installed. The SDDs were cooled to a temperature of 170 K with a stability of ±0.5 K.
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SIDDHARTA Collaboration / Nuclear Physics A 914 (2013) 305–309 307Fig. 1. X-ray energy spectra of (a) kaonic 3He, (b) kaonic 4He, and (c) kaonic deuterium. The positions of the kaonic 3He
and 4He 3d → 2p transitions are indicated. In (c), (1): K−C 6 → 5 transition, (2): K−C 8 → 6 transition, (3): K−O
7 → 6 transition, and (4): K−N 6 → 5 transition.
The main background source at DANE were charged particles scattered from the beams
which were uncorrelated to the K+K− coincidence. Thus, event selections could suppress this
background using the timing information of the K+K− coincidence in the scintillators and the
X-ray hits on the SDDs.
3. Data analysis
The calibration data were taken every several hours, by inserting Ti and Cu foils and an X-
ray tube below the setup to increase the X-ray production rates. The energy scale of the X-ray
data was calibrated for each SDD using the peak positions of the Ti Kα (4.5 keV) and the Cu Kα
(8.0 keV) lines. The data were selected for further analysis in terms of stability, energy resolution
and the X-ray peak shapes.
The accuracy of the energy scale was examined using the Ti Kα (4.5 keV), Cu Kα (8.0 keV),
and Au Lα (9.6 keV) lines in the energy spectra uncorrelated to the kaon timing. The peak
positions were shifted by about 6 eV, because of the different hit rates induced by the X-ray tube
radiation in the calibration data [9]. This peak shift was corrected. From the fit of these X-ray
peaks, the uncertainty of the energy determination was found to be ±4 eV, and the uncertainty
of the detector resolution σ was ±2 eV at 6-keV X-rays.
The X-ray events with the timing of the K+K− pairs were selected to produce the energy
spectra of kaonic helium with good signal-to-background ratios. The energy spectra of the kaonic
3He and 4He X-rays are shown in Figs. 1(a) and (b), where the thin lines show the peak fit
functions after the background subtraction. The peaks at 6.2 keV and 6.4 keV are the kaonic 3He
and 4He 3d → 2p transitions, respectively. Fig. 1(c) shows the X-ray energy spectrum using the
deuterium target, where the signals of the kaonic deuterium X-rays are not visible. This energy
spectrum was used for the extraction of the background shapes.
In addition to kaonic helium, several small peaks were observed in all the spectra, which
originated from the kaonic atom X-rays produced in the target window material made of Kapton
Polyimide (C22H10N2O5), since some kaons were stopped there. The X-ray peaks at 5.5, 6.0,
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Energy shifts (E2p) and widths (Γ2p ) of the kaonic helium 3He and 4He 2p states.
Target E2p (eV) Γ2p (eV) Ref.
4He −41 ± 33 – Wiegand et al. [1]
4He −35 ± 12 30 ± 30 Batty et al. [2]
4He −50 ± 12 100 ± 40 Baird et al. [3]
4He −43 ± 8 55 ± 34 Average of above [3,4]
4He +2 ± 2 (stat.) ± 2 (syst.) – Okada et al. [12]
4He 0 ± 6 (stat.) ± 2 (syst.) – SIDDHARTA [8]
4He +5 ± 3 (stat.) ± 4 (syst.) 14 ± 8 (stat.) ± 5 (syst.) SIDDHARTA [9,10]
3He −2 ± 2 (stat.) ± 4 (syst.) 6 ± 6 (stat.) ± 7 (syst.) SIDDHARTA [9,10]
and 7.6 keV are the kaonic carbon (K−C) 6 → 5, oxygen (K−O) 7 → 6, and nitrogen (K−N)
6 → 5 transitions, respectively. The kaonic 3He X-ray peak partially overlapped with the K−O
transition. The contamination of this transition was evaluated using the kaonic deuterium data.
The energy spectra were fitted using a Voigt function: V = V (σ,Γ ), where Γ represents the
strong-interaction 2p width. Due to the strong parameter correlation between the values of σ
and Γ in the fit, the values of σ were fixed using the values obtained from the calibration data.
The main contribution to the systematic errors for the widths of Γ is related to the uncertainty
in the values of σ [10]. The determined shift and width of the kaonic helium 2p states are
summarized in Table 1, together with the results of the previous experiments.
4. Conclusions
In conclusion, the strong-interaction shifts and widths both of the kaonic 3He and 4He 2p
states were measured by the SIDDHARTA experiment, where kaonic 3He was measured for the
first time. Both the shift and width of kaonic 4He were found to be much smaller than the values
determined in the 70s and 80s [3,4], while the shift is in good agreement with the results of [12].
The strong-interaction shifts and widths of the kaonic 3He and 4He 2p levels are in agreement
with the theoretical estimated values [3–6]. No abnormally large shifts or widths were found
either in kaonic 3He or 4He.
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